We have studied the origin of the exchange bias effect in the Au-Fe 3 O 4 dumbbell nanoparticles in two samples with different sizes of the Au seed nanoparticles (4.1 and 2.7 nm) and same size of Fe 3 O 4 nanoparticles (9.8 nm). The magnetization, small-angle neutron scattering, synchrotron x-ray diffraction and scanning transmission electron microscope measurements determined the antiferromagnetic FeO wüstite phase within Fe 3 O 4 nanoparticles, originating at the interface with the Au nanoparticles. The interface between antiferromagnetic FeO and ferrimagnetic Fe 3 O 4 is giving rise to the exchange bias effect. The strength of the exchange bias fields depends on the interfacial area and lattice mismatch between both phases. We propose that the charge transfer from the Au nanoparticles is responsible for a partial reduction of the Fe 3 O 4 into FeO phase at the interface with Au nanoparticles. The Au-O bonds are formed, presumably across the interface to accommodate an excess of oxygen released during the reduction of magnetite.
I. INTRODUCTION
In recent years, Au-Fe 3 O 4 dumbbell nanoparticles have been widely studied because of their applications in magnetic resonance imaging [1] [2] [3] , hyperthermia treatment 4 , drug delivery 5 , DNA-based biosensors 6 and catalysis 7, 8 . The most intriguing property of AuFe 3 O 4 dumbbell nanoparticles is the exchange bias (EB) effect reported by several groups [9] [10] [11] .
When a ferromagnet is in close proximity to an antiferromagnet, the direct exchange interaction between the moments in each can create an unidirectional anisotropy which impedes the reversal of the ferromagnetic moment. The magnetization loop is subsequently shifted along the field axis by the exchange bias field (H EB ). The EB effect is well understood in thin films, but it is a more complex phenomenon in magnetic nanoparticles. Size of nanoparticles, their crystallinity and oxidation state can greatly affect the strength of H EB in nanoparticles. Previous experiments on Co-core/CoO-shell nanoparticles found that H EB depends on a net magnetic moment at core-shell interface induced by lattice strain between
Co core and CoO shell 12 . The variation of this moment with the strain is ultimately responsible for nonmonotonically dependence of H EB on Co core thickness, in contrast to Co/CoO thin films, where the same dependence is inversely linear. A core/shell interface is not the only prerequisite for the EB in magnetic nanoparticles. For example, in single component
NiO nanoparticles presence of uncompensated magnetic sublattices led to the horizontal shift of the magnetization loop, reminiscent of the EB 13 . Considering that the magnetic and structural properties of Fe 3 O 4 and Au nanoparticles are greatly modified from their bulk counterparts [14] [15] [16] [17] there are several possible explanations of the origin of the EB effect in the dumbbell nanoparticles. The bulk Fe 3 O 4 is a ferrimagnetic (FiM) material with inverse spinel structure and lattice constant which is almost double (8.396Å) of that of gold (4.083 A). The bulk gold is weakly diamagnetic, however 1.5 nm Au nanoparticles can sustain localized magnetic moments and show a ferromagnetic-like behavior when capped with the thiol-ligand shell, due to 5d localized holes generated by the charge transfer from Au to S 18 .
Thus, ferromagnetic/ferrimagnetic coupling between Au and Fe 3 O 4 nanoparticles can lead to the EB, similar to Fe-core/γ-Fe 2 O 3 -shell nanoparticles 19 . The magnetic structure of 9 dumbbell nanoparticles is increased due to inter-particle interactions 11, 24 . Moreover, closepacking of nanoparticles can lead to the EB effect due to partial restoration of the bulk-like magnetic properties, reported in Co/CoO nanoparticles 25 .
In order to understand the origin of the EB effect in such complex system like Au-Fe 3 O 4 dumbbell nanoparticles, it is crucial to obtain the experimental data on particle dimensions, crystallinity and possible inter-particle interactions. Because we are interested in the length scales ranging from interatomic distances of a few Angstroms, to extended structures of tens of nanometers, several experimental techniques have to be combined. Experimental studies of a crystal structure of nanoparticles have always been a challenge. Conventional Rietveld refinements of the powder diffraction data often fail to provide an adequate picture of the crystal structure of nanoparticles. Small size, defects and lack of translational symmetry in nanoparticles result in broad and overlapping Bragg peaks. Often, crucial information about local crystal structure is hindered in diffuse scattering, which is orders of magnitude lower than Bragg peak intensities and ignored during Rietveld analysis. The pair-distribution function (PDF) analysis of diffraction data has been successfully applied to address this challenge. In PDF analysis both diffuse and Bragg scattering are analyzed simultaneously, thus providing insights into crystal structure and disorder in nanoparticles. 
II. SAMPLES AND EXPERIMENTS
Monodisperse Au seed nanoparticles were first synthesized using a procedure developed by Sun et al, 29, 30 . HAuCl 4 ·3H 2 O (200 mg, 0.5 mmol) was dissolved in a solution of tetralin (20 mL) and oleylamine (20 mL) by stirring under N 2 atmosphere at 0 o C or 20 o C to obtain a particle size near R = 4 and 3 nm, respectively. Then a reducing solution, made by dissolving tert-butylamine-borane complex (88 mg, 1.0 mmol) in 2 mL of tetralin and 2 mL of oleylamine by sonication, was rapidly injected into the Au solution. The solution changed 5 from an orange color to brown and then gradually into red. The product was diluted in ethanol and collected by centrifuging at 8000 rpm for 10 min.
To synthesize Au-Fe 3 O 4 dumbbell nanoparticles a procedure described in 31 The DC magnetization measurements were carried out using a Quantum Design Magnetic Property Measurement System (MPMS). For the measurements, 10 µL of the original aliquots were dispersed in 50 µL of liquid paraffin and then injected into a standard gelatin capsule to reduce inter-particle interactions. The gelatin capsules were fastened in plastic straws for immersion into the magnetometer. In order to measure the exchange bias field, a sample is cooled from 300 K to a target temperature in an applied magnetic field of 50 kOe. The magnetization is then measured as a function of an applied magnetic field. The exchange bias field is calculated as H EB = |H c1 − H c2 |/2, where H c1 and H c2 are the negative and positive coercive fields, respectively. The standard field-cooled (FC) and zero-field cooled (ZFC) measurements of temperature-dependent magnetization were used to define the blocking temperature (T B ). FC and ZFC measurements were carried out in the field of 500 Oe.
The small-angle neutron scattering (SANS) experiments were conducted with the Bio-SANS (CG-3) instrument at the High Flux Isotope Reactor in the Oak Ridge National Laboratory with a neutron wavelength of 6.09Å 32 . The samples were dispersed in deuterated toluene to reduce incoherent scattering from hydrogen. Sample to detector distances of 0.3 and 14 m were used to cover the q-range from 0.003 to 0.67Å −1 , where q is the scattering vector defined as q = 4π/λ sin θ, with λ and θ are the neutron wavelength and scattering angle, respectively. The data was corrected for the detector sensitivity, sample transmission and background scattering from d-toluene.
The synchrotron small-angle x-ray scattering (SAXS) measurements were carried out at the 6 beamline X6B at the National Synchrotron Light Source at Brookhaven National Laboratory using x-rays with wavelength λ=1.24Å. The X6B beamline was configured for SAXS experiment with sample to detector distance of 120 mm. The magnetic field of 1. The synchrotron x-ray pair distribution function (PDF) measurements were carried out at the beamlines 11-ID-B (λ=0.2127Å) and 6-ID-C (λ = 0.12488Å) at the Advanced Photon Source, Argonne National Laboratory. The dried powders were measured in a 0.5 mm kapton capillary. The standard Ni bulk was measured to estimate the resolution of each instrument. The measurements were carried out at room temperature in ambient conditions.
The sample Au-3 was measured at 11-ID-B with a short detector-to-sample distance (D) of 110 mm. We had only 4 mg of the sample available, thus using shorter D allowed to gain more intensity. In contrast, we used the high q-resolution configuration (D=240.5 mm)
to measure Au-4 sample at 6-ID-C. The bulk Au and mixture of Fe 3 O 4 and α-Fe 2 O 3 bulk powders were measured under the same experiential conditions as a reference. The PDF data were analyzed using the PDFgui program 34 .
III. RESULTS
Transmission electron microscopy (TEM) measurements of the as-synthesized Au-4 sample ( Fig.1(a) Fig.1(b) ). The electron diffraction rings of a single dumbbell nanoparticle ( Fig.1(c) ) are well indexed with two phases:
face-centered cubic (fcc) Au and inverse spinel structure of Fe 3 O 4 . We find that free The absence of the loop shift is in agreement with M(T) measurements, which showed no indication of the FeO phase. We note that in our dumbbell nanoparticles the T B appears to be slightly higher than T N . Despite the exchange bias effect was reported for the samples with T B >T N 48 , neutron diffraction measurements are required for determining the T N of our nanoparticles 49 .
Combination of SANS and SAXS experiments are used to provide independent measurements of the dumbbell nanoparticles dimensions, and to probe possible inter-particle interactions. Neutrons are sensitive to the light elements, hence ligand coated dumbbell nanoparticles provide a sharp core-shell contrast for neutrons (inset in Fig.4a ). X-rays are more sensitive to heavy elements and simpler core contrast for the dumbbell nanoparticles is realized (inset in Fig.4c ). Our TEM studies indicated that the dumbbell sample consists of epitaxially linked polydisperse Au and Fe 3 O 4 nanoparticles coated with OA/olyemine ligands. To the best of our knowledge, no scattering form-factor describing such system has been reported. Thus, we first studied as-synthesized dumbbell sample Au-3 after refluxing. At this stage, the sample contains a dispersion of seed Au nanoparticles and slowly nucleating Fe 3 O 4 nanoparticles. Analysis of this sample will provide us with dimensions of Au nanoparticles in the dumbbell sample. We then fix them during refinement of the dumbbell sample, which will make it more reliable. The nucleation has completed after 12 hours, significantly slower that the averaged SANS measurement time of 2 hours. SANS intensity for the as-synthesized Au-3 sample is plotted as a function of the scattering vector q in Fig.4a . The q-dependence of the SANS intensity is fitted using a sum of two form factors. The first form factor describes spherical Au-core/OA-shell nanoparticles assuming a polydispersed core and monodispersed shell. The second form factor is the same, with Fig.4a is the fit with the form factor of Au nanoparticles only, which poorly reproduces the data at low q. The implication is that both form factors for spherical nanoparticles of Au and Fe 3 O 4 are required to obtain the best fit to our data. Figure 4b shows SANS intensity of the Au-3 sample, after nucleation of Fe 3 O 4 nanoparticles has been completed. Again, we used a sum of two models to describe scattering pattern from the dumbbell nanoparticles. Each model is a form factor for core-shell nanoparticles 50 multiplied by the structure factor described by Teixeira derived from the fit is R=8.5±1.5nm. We note that our model fails to reproduce the experimental data at q>0.7Å −1 , because it ignores an average of the dumbbells over all possible orientations 52, 53 . Moreover, the polydispersity of nanoparticles derived from refinements are likely overestimated, because smearing effects of the finite q-resolution were not taken into account. Development of a more realistic two-phase model with polydisperse core-shell building blocks is currently underway. The quality of the SANS fit is ambiguous at higher q, and thus we repeated the small-angle measurements using synchrotron x-rays ( If magnetic interactions between nanoparticles are significant the scattering intensity would depend on the magnitude of an applied magnetic field [54] [55] [56] [57] . We subject the solution of the dumbbell nanoparticles into the magnetic field and found no considerable difference between SAXS intensities measured at 0 and 1.2 T for both samples. Therefore, the inter-particle We tried to improve SANS and SAXS fits by introducing the FeO phase, which is evident from magnetization measurements, by adjusting the scattering cross-section of the spinel structure, while FeO adopts the cubic structure of NaCl. Both phases should be easily distinguishable with synchrotron x-ray diffraction. Rietveld refinements of the diffraction data for both samples are shown in (Fig.5(a,c) ). The best fit was obtained using three cubic tinctive magnetic properties and might contribute to the exchange biasing in the dumbbell nanoparticles. It is challenging to distinguish between maghemite and magnetite phases using a standard Rietveld refinement of a powder x-ray diffraction data due to their sim- ilar crystallinity, however these issues can be overcome by using high-energy synchrotron x-rays 62,63 . The scattering structure factor S(q), with the corrections for background scattering, x-ray transmission and Compton scattering was obtained from the same diffraction data using the PDFgetX2 software package 64 . The PDF was calculated by a Fourier transformation of S(q) with a q max = 25Å −1 : 
The PDF for both samples are plotted in Fig.5(b,d) . We used the averaged structures Fig.6a) . We conclude that the reduction in size of Au nanoparticle leads to reduction of its lattice constant, consistent with the previous reports 66 . It is not the case for Fe 3 O 4 nanoparticles. Despite they are of similar size in both samples, the lattice constant of magnetite in the sample Au-4 is larger than in the sample Au-3 (Fig.6b) . The same tendency persists for the FeO phase (Fig.6c) . Overall, there is a clear correlation of the iron oxides lattice constants with the lattice constant of the Au seed nanoparticles (Fig.6d ). been intensively studied 18, 27, 28, 84 provide limited support for this conclusion, showing the contrast variation across a single magnetite nanoparticle (Fig.8a) . The interior of this nanoparticle appears to be brighter than exterior, suggesting Fe 3 O 4 -rich core and FeO shell structure 81 .
The reduction of Fe 3 O 4 at the interface with Au nanoparticles will lead to the excess of oxygen atoms. We suggest that those oxygen atoms formed Au-O bonds at the interface between gold and magnetite. Formation of Au-O bonds in the dumbbell nanoparticles was previously observed with XPS measurements 27 . The formation of the Au-O bonds can also explain imperfection of our PDF model. The model used for refinement of the x-ray PDF could not reproduce the first peak at r∼ 2.01Å for both samples (see insets in Fig.5b,d ).
The position of this peak does not correspond to the C-C bond length of 1.540Å, reported for the oleic-acid coated Fe 3 O 4 nanoparticles 76 . The best fit of the peak consists of two separate Gaussian peaks with very different widths: broad G 1 , which is responsible for the majority of the intensity in this r-range, and G 2 , which is less intense with the peak position shifted towards larger distances (Fig.9) . The position of G 2 peak in the sample Au-4 corresponds to the nearest-neighbor Fe-Fe distance of ∼ 2.15Å in the magnetite. The width of this peak is consistent with the ADP parameter for this phase at 300 K. The position of G 1 peak, however cannot be indexed with any interatomic distances in all three phases present in our model. The width of G 1 is a factor of two larger than of G 2 for both samples. If the G 1 peak were to belong to a crystallographic model one would expect it to be narrower as compare to the G 2 peak, due to highly correlated inter-atomic motions which sharpen the as-synthesized Au-3 sample (Fig.3) . We hypothesize that the reduction of H EB is related to VI. ACKNOWLEDGEMENT
